In Arabidopsis thaliana, lateral-root-forming competence of pericycle cells is associated with their position at the xylem poles and depends on the establishment of protoxylem-localized auxin response maxima. In maize, our histological analyses revealed an interruption of the pericycle at the xylem poles, and confirmed the earlier reported proto-phloem-specific lateral root initiation. Phloempole pericycle cells were larger and had thinner cell walls compared with the other pericycle cells, highlighting the heterogeneous character of the maize root pericycle. A maize DR5::RFP marker line demonstrated the presence of auxin response maxima in differentiating xylem cells at the root tip and in cells surrounding the proto-phloem vessels. Chemical inhibition of auxin transport indicated that the establishment of the phloem-localized auxin response maxima is crucial for lateral root formation in maize, because in their absence, random divisions of pericycle and endodermis cells occurred, not resulting in organogenesis. These data hint at an evolutionarily conserved mechanism, in which the establishment of vascular auxin response maxima is required to trigger cells in the flanking outer tissue layer for lateral root initiation. It further indicates that lateral root initiation is not dependent on cellular specification or differentiation of the type of vascular tissue.
INTRODUCTION
Plant roots have a typical anatomy composed of different concentric tissues (the epidermis, cortex and the endodermis) surrounding a central vascular cylinder. The outer layer of the central cylinder is the pericycle, which is generally considered as another concentric layer, while the rest of the central tissue is radially, rather than concentrically, organized. In the model plant Arabidopsis thaliana, each of the outer tissues is composed of one layer, with a relatively constant number of cells. Further, the vasculature has diarch symmetry, consisting of two alternating xylem and phloem poles, and is delimited by a single layer of pericycle cells [1] . This pericycle forms the basis for the formation of lateral roots, which allow plants to adjust to their environment in a dynamic way and to overcome unequal distribution of water and nutrients in the soil [2, 3] .
Only a subset of the pericycle cells has the capacity to divide and to form lateral roots. In Arabidopsis, these cells are located at the xylem poles [4] . However, also the presence of quiescent phloem-pole pericycle cells seems to be indispensable for correct lateral root development, as wol mutants, completely lacking phloem, were unable to develop organized lateral root primordia [5] . In addition, several studies in various dicotyledonous species report on differing morphological, genetic and cell cycle-related properties between the xylemand phloem-pole pericycle cells (overviews in [6, 7] ), suggesting the pericycle cell layer is not one continuous concentric layer, but rather built up by at least two different cell populations whose characteristics depend on their position relative to the vasculature.
Lateral root formation is regulated by a complex interplay of different plant hormones (reviewed in Nibau et al. [8] ). The role of auxin in the whole process has been well characterized in Arabidopsis during past decades. Auxin is involved in the specification of founder cells [9] , during lateral root organogenesis [10, 11] and emergence of the primordium [12] . An oscillating auxin signalling maximum in the protoxylem at the level of the basal meristem specifies the neighbouring pericycle founder cells, and therefore determines the place of lateral root initiation [13] [14] [15] . Under controlled growth conditions, lateral root initiation occurs strictly acropetally and alternates between the two xylem poles [14, 16] . Whether it is auxin itself that triggers founder cell specification or another signalling molecule, is not yet known. As most work has been focused on Arabidopsis, little or no information is available for other plants, including important monocotyledonous crops.
The anatomy of the maize root is more complex than that of the Arabidopsis root, with multiple cortex layers and varying numbers of cells per layer. Furthermore, the maize root has an extensive poly-arch vasculature containing on average six to 10 central late meta-xylem elements with two or three xylem poles each, consisting of proto-and early meta-xylem [17, 18] . An equal number of phloem poles can be found, which alternate with the xylem tissues in the vascular bundle. Similar to Arabidopsis, the vasculature is surrounded by a single layer of pericycle cells from which lateral roots are formed. However, in contrast to Arabidopsis, also the endodermis cells take part in the formation of a lateral root primordium in maize [19] . Reports on the exact location of lateral root initiation have been contradictory: Bell & McCully [19] stated that laterals are formed at the xylem poles, as in Arabidopsis, while Casero et al. [20] found them to initiate in the phloem-pole pericycle cells. The initiation of lateral roots in maize is not strictly acropetal as in Arabidopsis, and no regularity was found in the sequence of initiation between the different vascular poles [21] . Detailed characterization of the maize rum1 mutant, lacking embryonic seminal roots and lateral roots on the primary root, led to the conclusion that most likely auxin accumulation in the pericycle precedes, and is required for, the degradation of RUM1, a maize Aux/IAA repressor protein [22, 23] . Furthermore, auxin availability might also be controlled by RUM1 because rum1 mutants displayed reduced polar auxin transport. In any case, the rum1 mutant clearly demonstrates the importance of auxin distribution in maize lateral root initiation. However, up to now, information on the localization of auxin in maize roots could only be derived from chromatography and mass spectrometry data [24 -26] . These methods detected high levels of auxin in the stele, but detailed spatial information is lacking. Precise localization of auxin in the root could help our understanding of a role for auxin in the determination of lateral root founder cells in maize.
Here, we first confirmed the position of lateral root formation in maize relative to the vascular elements. Further, we looked into the characteristics of the pericycle cell layer and early vascular development. Finally, we analysed auxin response in the maize root and demonstrated a role for localized auxin response maxima in lateral root formation.
RESULTS AND DISCUSSION
(a) Lateral roots are initiated by anticlinal divisions of pericycle cells between the xylem poles To determine the site and the division pattern of the very first cell divisions of lateral root formation in maize, 3-day old primary roots were screened for cytokinesis events. Cortex and epidermis tissues were removed to monitor mitotic figures in the pericycle, visualized by Feulgen DNA staining. Under our growth conditions, the first divisions were found on average at 11.9 + 2 mm from the root tip.
In longitudinal sections from fragments between 10 and 15 mm from the root tip, occasionally nuclei from two adjacent pericycle cells were found to be displaced to their common cell wall (electronic supplementary material, figure S1a), leading to asymmetric and anticlinal divisions (electronic supplementary material, figure S1b). Periclinal divisions, visualized on transversal sections, result in the formation of a second layer (electronic supplementary material, figure S1c). At this stage, divisions in the endodermis could also be observed (electronic supplementary material, figure S1d). Both epi-fluorescence and bright field microscopy of sections showed that lateral roots were exclusively formed in front of phloem poles (electronic supplementary material, figure S1e,f). Despite the initiation of lateral roots at the phloem poles, pericycle cells in the vicinity of both flanking xylem poles also divide at later stages and take part in the formation of the primordium (figure 1).
Our observations thereby confirm that in maize phloem-pole pericycle cells are competent for lateral root initiation, as was earlier described by Casero et al. [20] . Although pericycle cells at the xylem poles do not remain quiescent and are later recruited in the developing primordium, they seem not to be competent for lateral root initiation, suggesting these cells are, upon their formation, differentially specified when compared with phloem-pole pericycle cells. Alternatively, a later positional signalling, acting at the phloem poles, might be involved to trigger lateral root initiation.
(b) Pericycle cell size is linked with vascular development In order to detect early differential specification of the pericycle at the xylem poles when compared with the phloem poles, and in the absence of reporter lines for cell identity, a histological approach was followed by making serial cross sections through the root tip, including the root cap and apical meristem. The pericycle cell layer could be observed starting from 350 mm from the tip (including the root cap), while a first sign of vascular differentiation was found at about 700 mm, where diamond-shaped cells of proto-phloem became recognizable by their reduced staining of the cytoplasm and thick nacreous cell walls [27] . Transmission electron microscopy (TEM) on a section through the meristem showed a differentiating protophloem sieve element surrounded by meristematic cells (figure 2a), indicating the proto-phloem matures prior to all other cell types. At 900 mm from the root tip, all proto-phloem poles could be distinguished (figure 2b). Next, cross-sectional surface areas of all pericycle cells were measured, respectively, at 900 mm and at 400 mm distance from the tip. At 900 mm, the average surface area of the two pericycle cells in contact with the proto-phloem element was significantly larger (185 + 33 mm vasculature [28] . In younger tissue, at 400 mm from the root tip, no differences in the surface area between cells at the future phloem poles (70 + 21 mm 2 ) and the other pericycle cells (68 + 24 mm 2 , electronic supplementary material, figure S2) could be found. Although we do not have quantitative measurements on the cell division rate in individual pericycle cells, the difference in cell size does not seem to be due to an earlier cell cycle exit of pericycle cells at the phloem poles. Instead, in sections between 400 and 900 mm radial and periclinal divisions were observed in pericycle cells between the phloem poles (figure 2c-e), which seem to be at least partially responsible for the smaller cell size found at these sites. While at the phloem poles merely proliferative anticlinal divisions could be seen, the periclinal divisions of pericycle cells between the phloem poles might have a more formative character, in which one or both daughter cells could take part in the formation of the vascular tissues.
The differentiation of xylem vessels can be recognized by the formation of a thick, lignified, cell wall, and in serial sections up to 1 mm, no sign yet of xylem differentiation could be retrieved. Using TEM, signs of lignin deposition were found in sections between 5 and 10 mm from the root tip (figure 2f ), indicating that proto-xylem formation occurs much later than phloem differentiation, in more differentiated parts of the root. At this level, most pericycle cells had one large central vacuole, characteristic of a differentiated status (figure 2g). Intriguingly, at the level of the xylem poles, pericycle cells seemed also to become lignified and recruited into the protoxylem tissue (figure 2f ). In about 75 per cent of the analysed xylem poles, the pericycle was interrupted by the proto-xylem ( figure 2h,i) . This has also been described earlier for rice [29] , but to our knowledge does not occur in Arabidopsis.
Apart for the difference in cell size and the interruption of the pericycle by the proto-xylem, variations were found in cell wall thickness. Epi-fluorescence microscopy of unstained vibratome sections revealed smaller xylem-pole pericycle cells with thick, autofluorescent cell walls, while the large pericycle cells at the phloem poles had thinner cell walls and lacked auto-fluorescence (figure 2j). This further corroborates the heterogeneous character of the pericycle in maize, which is at least partially associated with the maturation of the vasculature.
(c) Auxin response in the maize root is mainly localized in vascular tissues Auxin plays an important role in plant development and lateral root formation. However, no detailed information is available on auxin responses in the maize root. A maize marker line expressing RFP (red fluorescent protein) under control of a DR5 auxin responsive promoter [30, 31] was used to analyse the spatial characteristics of auxin response in the primary root. This marker line reports the sites where strong degradation activity of the inhibitory Aux/IAA proteins occurs and can thus be regarded as an auxin response maximum marker, but cannot be used to monitor actual auxin concentrations in the tissue.
Longitudinal figure 3a) . On transverse sections, starting at the root tip, RFP signal was first observed in the large meta-xylem precursor cells (figure 3b) and in the proto-xylem poles (figure 3c). Because auxin is involved in the differentiation of xylem elements [32, 33] , these auxin response maxima are most probably linked to this differentiation process. About 300 -400 mm higher, fluorescent signal was also observed in cells at the phloem poles, in addition to the auxin response maxima at the xylem poles (figure 3d ). Closer inspection of these sections revealed auxin response maxima in cells surrounding the protophloem elements, possibly companion cells, but not in the pericycle cells ( figure 3d, inset) . At around 5 mm from the root tip, only the RFP signal at the level of the phloem poles remained (figure 3e). Although a role for these auxin response maxima in differentiation cannot be excluded, this seems unlikely, as the signal is localized in the surrounding cells and remains in more mature parts of the root. As the auxin response maximum corresponds to the place where lateral roots are formed, it might have a role in the competence of these cells for lateral root initiation, in analogy with the oscillating auxin response maxima in Arabidopsis [14, 15] . Unfortunately, our method does not allow us to detect variable intensities over time or in specific zones.
Between 10 and 15 mm from the root tip, fluorescence was found in a young lateral root primordium (figure 3f ). During further development of the lateral root, auxin response maxima were formed at the tip of the primordia (figure 3g). Also in the parent root at the level of the stele, where the vascular connection with the lateral root is established, a strong auxin response was detected, particularly at the xylem poles (figure 3h), pointing to a role for auxin in the formation of a vascular connection between the lateral and the parent root.
The specific distribution of the auxin response maxima argues for a role of auxin in xylem differentiation, lateral root positioning and lateral root initiation and development in maize.
(d) Inhibition of auxin transport prevents lateral root initiation and perturbs the formation of auxin response maxima In several plants, such as Arabidopsis and rice, treatment with 1-N-naphthylphthalamic acid (NPA), an auxin transport inhibitor, prevents the formation of lateral roots [34, 35] . Further, it was shown that the recurrent auxin response maxima in the protoxylem in Arabidopsis do not occur in the presence of NPA [11] . To study the effect of impediment of auxin transport on the formation of lateral roots and the localization of the auxin response maxima in maize, plants were grown in the presence of NPA. In 7-day-old NPA-treated seedlings, no emerged lateral roots could be found (electronic supplementary material, figure S3 ). In DR5::RFP plants germinated and grown in NPA for 3 days, the clear auxin response maxima present in the vasculature of control roots (figure 3a) were not found (figure 4a). Instead, a diffuse signal was observed in the stele and in cortex tissues, indicating NPA treatment disrupts the normal auxin distribution and/or response in the root. On transverse sections, a fluorescence maximum was still found in the precursors of the meta-xylem; however, the fluorescence was less clear in the rest of the xylem (figure 4b). A more diffuse signal was spread over the stele and the inner layers of the cortex, and no auxin response maximum was formed at the level of the phloem poles. In older parts of the root, where in normal conditions the fluorescence signal remained at the phloem poles (figure 3e), RFP signal was more diffusely distributed over the whole stele without clear maxima ( figure 4c) .
Despite the disturbed auxin response maxima, the differentiation of the proto-phloem seemed not to be affected at the cellular level, but was even completed closer to the root tip than in control plants (electronic supplementary material, figure S3 ). This effect might be attributed to the slower growth rate of NPA-grown plants [36] , which implies that cells at a similar distance from the root tip are older and thus more differentiated in NPA-treated roots. Nevertheless, even at 5 and 10 mm from the tip, pericycle cells were found with a large central nucleus, surrounded by cytoplasm (figure 4d), and numerous smaller vacuoles (figure 4e), both characteristic of meristematic cells. This suggests that the NPA treatment keeps pericycle cells in an undifferentiated or cell division competent state.
The effect of long-term NPA treatments on pericycle cell division was evaluated in sections from roots grown in NPA for 5 days. In several roots, zones with ectopic divisions in pericycle and endodermis cells were observed, resulting in multi-layered structures, both at the xylem and phloem poles (figure 4f-h). However, no organized lateral root primordia were formed. This phenotype shows strong similarity to auxin-treated , an Arabidopsis mutant with disturbed cell polarity. Although this mutant does not form lateral roots in control conditions, treatment with the synthetic auxin variants 1-naphthaleneacetic acid (NAA) or 2,4-dichlorophenoxyacetic acid (2,4D) leads to random pericycle cell proliferation [37] . This phenotype is the consequence of a disrupted localization of the PIN1 auxin export protein, hampering the formation of the auxin gradient needed for lateral root initiation and development [37, 38] . In maize, the endogenous auxin concentrations might be sufficient to induce cell division, while NPA treatment prevents the formation of localized auxin response maxima and leads to ectopic, proliferative divisions. Transfer of 5-day old NPA-grown plants to NAA, resulted in the formation of lateral roots at nearly every phloem pole (electronic supplementary material, figure S4 ).
CONCLUSIONS
A comparable vascular build-up of auxin response maxima is crucial for lateral root formation in both monocots and dicots, and hints to the existence of evolutionary conserved cell-to-cell communication systems between the vasculature and neighbouring cell layers. Our results further show that, in parallel with Arabidopsis, non-polarized auxin distribution may result in non-formative divisions and that orchestrated auxin distribution patterns are required to induce formative cell divisions in maize (figure 5). cellgenomics/geneDB_list.pl); for other experiments B73 Zea mays inbred line was used. Kernels were surface sterilized in 6 per cent NaOCl for 5 min and rinsed three times with water. Germination and growth took place in water using a paper roll system described before [23] in continuous light at 278C. For NPA treatment, plants were grown in 50 mM NPA (Duchefa). For NAA treatment, plants were transferred to 50 mM NAA (Sigma-Aldrich). Unless stated differently, analyses were performed on 3-day old seedlings.
(b) Histology and histochemistry (i) Feulgen staining Roots were fixed overnight at 48C in 4 per cent paraformaldehyde and 1 per cent glutaraldehyde, in phosphate buffer, and rinsed in water. After a 10 min maceration in 1 N HCl at 608C, roots were rinsed in water and stained with Schiff 's Fuchsin-sulphite reagent (Sigma-Aldrich) for about 30 min. After staining, material was incubated three times for 10 min in K 2 S 2 O 5 solution (5 ml 1 N HCl, 5 ml 10 per cent K 2 S 2 O 5 , 100 ml H 2 O) and rinsed with water.
(ii) Observation of mitotic figures Roots were fixed overnight in a mixture of ethanol and acetic acid (3 : 1). After Feulgen staining, cortex and epidermis tissues were removed from the stele [24] . Roots were mounted in 50 per cent glycerol and observed with a Zeiss Axio-Vert135M epi-fluorescence microscope equipped with a MAC 5000 controller system including a MAC2 XY motor stage controller and a Z-axis/focus controller (Ludl Electronic Products Ltd.). A filter set for rhodamine was used (excitation 546/ 12 nm; beamsplitter 580 nm; emission 590 nm). The observation was performed on 13 roots.
(iii) Sectioning After fixation and Feulgen staining, root fragments of 5 mm were dehydrated and infiltrated with Technovit 7100 (Heraus Kulzer) as described by Beeckman & Viane [39] . A first embedding step was done in small 6Â3Â4 mm 3 moulds. For longitudinal sections, the method of Beeckman & Viane [39] was used; transverse sections were made as described by De Smet et al. [40] , using an ultramicrotome (Reichert-Jung Supercut 2050, Germany). Sections were stained with 0.01 per cent toluidine blue, 0.1 per cent methylene blue or 0.05 per cent ruthenium red and mounted with DePeX (Gurr, BDH Chemicals Ltd). Observations were made with an Olympus DX51 in combination with a Nikon DS-Fi1 camera. Cell surface was measured with ImageJ software (http://rsbweb.nih.gov).
(iv) Localization of auxin response Roots were fixed in 4 per cent para-formaldehyde in phosphate buffer for at least 1 h at 48C. Root fragments of 5 mm were embedded in 6 per cent agarose with 0.5 per cent gelatine and sections of 100 mm were cut with a vibratome, mounted with distilled water and immediately observed with a Zeiss Axio-Imager epifluorescence microscope. A filter set for rhodamine was used (excitation 546/12 nm; beamsplitter 560 nm; emission 575/64 nm). Images were taken with an AxioCam (Zeiss). (vi) Transmission electron microscopy For TEM, two different fixation methods were used. For high-pressure freezing (figure 2a,e), root segments were taken at the meristem and at 5 mm from the tip, and briefly immersed in 20 per cent (w/v) BSA and frozen immediately in a high-pressure freezer (EM Pact, Leica Microsystems, Vienna, Austria). Freeze-substitution was carried out using a Leica EM AFS in dry acetone containing 0.1 per cent uranylcetate, 1 per cent (w/v) OsO 4 and 0.2 per cent glutaraldehyde over a 4-day period as follows: 2908C for 26 h, 28C per hour increase for 15 h, 2608C for 8 h, 28C per hour increase for 15 h and 2308C for 8 h. Samples were then slowly warmed up to 48C, infiltrated stepwise over 3 days at 48C in Spurr's resin and embedded in capsules. The polymerization was performed at 708C for 16 h. For chemical fixation (figures 2d and 4d,e), root fragments taken at 5 and 10 mm from the tip were excised on 0.5 and 1 cm and immersed in a fixative solution of 2.5 per cent glutaraldehyde and 4 per cent formaldehyde in Na-cacodylate buffer 0.1 M with CaCl 2 (20 mg per 100 ml), placed in a vacuum oven for 30 min and left rotating for 3 h at room temperature. This solution was later replaced with fresh fixative and samples were left rotating over night at 48C. After washing, samples were post fixed in 1 per cent OsO 4 with K 3 Fe(CN) 6 in 0.1 M Na-cacodylate buffer, pH 7.2. Samples were dehydrated through a graded ethanol series, including a bulk staining with 2 per cent uranyl acetate at the 50 per cent ethanol step followed by embedding in Spurr's resin. Ultrathin sections were made using an ultramicrotome (Leica EM UC6) and post-stained in a Leica EM AC20 for 40 min in uranyl acetate at 208C and for 10 min in lead stain at 208C. Grids were viewed with a JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.
(vii) Treatment of the images For all methods, pictures were processed with Photoshop CS4.
